This work reports on the development of infection-preventive coatings on silicone urinary catheters that contain in their structure and release on demand antibacterial polycationic nanospheres. Polycationic aminocellulose conjugate was first sonochemically processed into nanospheres to improve its antibacterial potential compared to the bulk conjugate in solution (AC Sol ). Afterward the processed aminocellulose nanospheres (AC NSs ) were combined with the hyaluronic acid (HA) polyanion to build a layer-by-layer construct on silicone surfaces. Although the coating deposition was more effective when HA was coupled with AC Sol than with AC NSs , the AC NSs -based coatings were thicker and displayed smoother surfaces due to the embedment of intact nanospheres. The antibacterial effect of AC NSs multilayers was 40% higher compared to AC Sol coatings. This fact was further translated into more effective prevention of Pseudomonas aeruginosa biofilm formation. The coatings were stable in the absence of bacteria, whereas their disassembling occurred gradually during incubation with P. aeruginosa, and thus eradicate the biofilm upon release of antibacterial agents. Only 5 bilayers of HA/AC NSs were sufficient to prevent the biofilm formation, in contrast to the 10 bilayers of AC Sol required to achieve the same effect. The antibiofilm efficiency of (HA/AC NSs ) 10 multilayer construct built on a Foley catheter was additionally validated under dynamic conditions using a model of the catheterized bladder in which the biofilm was grown during seven days.
Introduction
Indwelling urinary catheters routinely employed in clinical practice are among the medical devices that are most susceptible to microbial contaminations. Pathogens present at the site of catheter insertion or in the urine attach easily to the catheter surface and colonize it progressively to establish a mature biofilm. resistant to host defense mechanisms and conventional antibiotic treatments when compared to planktonic cells [1] . Once established, the biofilm serves as a reservoir that maintains the infection in the host. Consequently, their formation causes difficult-to-treat infections, unnecessary distress to patients and delays in recovery. Biofilm-associated urinary tract infections account for $40% of all hospital-acquired infections [2] , defining an urgent need for the development of novel, engineered catheter surfaces able to prevent the biofilm formation.
One approach to prevent biofilm formation on medical devices is their surface functionalization with broad-spectrum antibacterial agents. However, the substantial evolutionary stress that antimicrobials exert on bacteria ultimately results in the emergence of a multi-drug resistance species. Significant efforts are being made to design novel antibacterial surfaces limiting the bacterial colonization without promoting bacterial resistance. Existing antibiofilm materials show different efficiency toward single and multi-species biofilms and can be categorized as: (i) engineered nano-and micro-topography surfaces that inhibit bacteria adhesion [3, 4] , (ii) surfaces with immobilized antibiotics that kill bacteria upon adhesion [5] , and (iii) biocide leaching surfaces [6, 7] . All these features are imparted to the device surface using different functionalization approaches, ensuring a minimal loss of the biological functions of the deposited compound. For example, layer-by-layer (LbL) assembly of polyelectrolytes is an easy, versatile and cost-effective method for building bioactive coatings incorporating multiple modalities on a variety of surfaces. This technique is based on the alternating adsorption of oppositely charged polyions and has been used for surface immobilization of a broad range of biomacromolecules [8, 9] , enzymes [10] , drugs [11] , and nanoparticles [12] , without causing structural changes that could alter their efficacy. In an attempt to engineer bioresponsive microenvironments that prevent the biofilm formation on silicone surfaces, we previously employed the LbL method to encase acylase enzyme, which quenches bacteria quorum sensing signals and interrupts their communication and the biofilm growth [13] .
The incorporation of triggers in the coatings to release antibacterial agents upon external stimuli is an additional function that provides a therapeutic dose while avoiding systemic toxicity. Triggers such as pH [14] , electric field [15] and temperature [16] have been frequently reported as stimuli for the release of therapeutic agents. Recently, bacteria themselves and their metabolites have been proposed as polymer hydrolyzing organisms, which can be turned into a robust trigger for antibacterial drug release in a self-defense principle [17, 18] . For example, Pseudomonas aeruginosa (P. aeruginosa), a clinically relevant pathogen in most urinary tract infections, is known to produce a variety of cell-associated and extracellular metabolites including enzymes and toxins as factors for its pathogenicity [19] . One of the toxins, pyocianin, is able to degrade glycosaminoglycans (commonly used in LbL deposition) by a non-enzymatic mechanism due to its auto-oxidation properties [20] . As a redox active virulence factor, pyocianin exists in either oxidized or reduced form, the latter being an unstable free radical, which oxidizes rapidly with molecular oxygen [21] . The auto-oxidation leads to the formation of reactive oxidative species (ROS) such as superoxide (O 2 À ) or hydrogen peroxide (H 2 O 2 ), among others, capable of depolymerizing glycosaminoglycans, e.g. hyaluronic acid (HA) [22] . ROS are actually known for their oxidative degradation of different biomacromolecules (proteins, lipids and polysaccharides) [23] . The next biomedical challenge is to take advantage of such a degradation mechanism by integrating the triggers into bio-responsive coatings that will gradually release therapeutic doses of antibacterial agents and will be effective over long periods of time. LbL coatings are suitable constructs for achieving such responsiveness due to their ability to release an agent in sequential events, i.e. after the degradation of each glycosaminoglycan layer.
Cationic compounds are underutilized biocides [24] that effectively reduce bacterial count on a surface of interest without the use of antibiotics [25] , thereby having great potential as antibacterial agents to reduce the risk of resistance development. Contactkilling surfaces could be easily built by LbL deposition of structures with a dense cationic charge to disrupt bacterial cell membranes and impart antimicrobial activity to a material [26] . Electrostatic binding between the cationic molecules and the intrinsically anionic bacterial cell wall induces the damage of the latter leading to cell death. This specific mechanism of action is believed to diminish the possibility of developing new resistant strains because the bacterial membrane is highly evolutionary conserved and unlikely to be changed by a single gene mutation.
Recently, we reported that cationic nanostructures in a dispersion, i.e. aminocellulose nanospheres (AC NSs ), possess improved antibacterial properties via a membrane disturbing capacity compared to aminocellulose in solution (AC sol ) [27] . In the current study, we continue the investigation by building multilayer coatings incorporating AC NSs on silicone surfaces to efficiently eradicate bacteria and prevent the biofilm formation. Sonochemically-processed nanospheres obtained from the cationic conjugate, 6-deoxy-6-(x-aminoethyl) aminocellulose, were combined with the bacteria-degradable HA polyanion to engineer LbL coatings on silicone urinary catheters and evaluate their bacteria responsiveness and antibacterial/antibiofilm capacities against the medically relevant biofilm-associated infections of P. aeruginosa.
Materials and methods

Materials and reagents
Polydimethyl/vinylmethyl siloxane Foley urinary catheters designated according to ASTM D1418 and non-shaped strips from the same material as model surfaces were provided by Degania Silicone Ltd. (Israel). Biofilm forming bacterium P. aeruginosa (ATCC 10145) was obtained from American Type Culture Collection (LGC Standards S.L.U, Spain). Cationic derivative of cellulose, 6-deoxy-6-(x-aminoethyl) aminocellulose (AC, $15 kDa), was synthesized from microcrystalline cellulose (Fluka, Avicel PH-101) via a tosyl cellulose intermediate [28] , using a previously described procedure [29] . Negatively charged hyaluronic acid (HA) with average Mw $ 750 kDa was obtained from Lifecore Biomedical (USA) in the form of its sodium salt, and used as a counterion to AC. Live/ Dead BacLight kit (Molecular probes L7012) was purchased from Invitrogen, Life Technologies Corporation (Spain). All other chemical and microbiological reagents were purchased from Sigma-Aldrich unless otherwise specified.
Methods
Preparation of AC nanospheres
Highly cationic AC NSs with sunflower oil as a lipid core were prepared by an adapted sonochemical method of Suslick [30] , reported elsewhere for different kinds of biopolymers and their derivatives [31] . Briefly, the pH of the AC aqueous solution (1 mg/mL) was adjusted to 5.5 using 0.1 M HCl. Then, a mixture of 70% AC and 30% of commercial sunflower oil was prepared in a thermostated (4°C ± 0.5°C) sonochemical cell. The nanospheres were prepared using a Ti horn of a high-intensity Vibra-Cell VCX 750 ultrasonic processor (Sonics and Materials, Inc., USA), employing 20 kHz at 35% amplitude. The Ti horn was positioned at the aqueous-organic interface. An acoustic power of $0.5 W/cm 3 was applied for 3 min and the resulted suspension was partially cleaned from non-encapsulated oil by three consecutive centrifugations at 1500 rpm for 15 min.
Assembling of multilayer coatings
Multilayer coatings were assembled on silicone supports previously washed with sodium dodecyl sulfate (SDS), water and ethanol, and surface functionalized with amino groups by pretreatment with 3-(aminopropyl)triethoxysilane (APTES) to facilitate the deposition of the first negatively charged HA layer [13] . A solution of HA polyanion and a dispersion of AC NSs polycation were prepared with 0.15 M NaCl to reach final concentrations of 0.5 mg/ mL. The pH was adjusted to 5.5 with 1 M HCl or 1 M NaOH aqueous solutions. The polyelectrolytes were alternately deposited using a multi-vessel automated dip coater system (KSV NIMA, Finland) on silicone starting with HA and finishing with AC NSs to form 5, 10 and 100 bilayers. Each deposition lasted for 10 min and was followed by a 10 min rinsing step with 0.15 M NaCl, pH 5.5. The obtained multilayer coatings were named after the number of bilayers employed for their assembling: (HA/AC NSs ) 5 , (HA/AC NSs ) 10 and (HA/AC NSs ) 100 . Non-processed AC in solution and the same procedure for 5 and 10 bilayers were used to prepare the corresponding controls designated as (HA/AC sol ) 5 and (HA/AC sol ) 10 .
The LbL build up was followed by a quartz crystal microbalance with dissipation (QCM-D, E4 system from Q-Sense, Sweden). The deposition was carried out on gold-coated AT-cut quartz crystals (QSX301, Q-Sense, Sweden) previously cleaned with 5:1:1 solution of H 2 O:NH 3 :H 2 O 2 at 80°C for 10 min, and amino functionalized with 11-amino-1-undecanethiol hydrochloride (HS(CH 2 ) 11 NH 2 ) as described elsewhere [32] . Briefly, the crystals were immersed into 20 lM ethanol solution of HS(CH 2 ) 11 NH 2 for 48 h to ensure wellordered amino ended self-assembled monolayers. After this treatment, the sensors were washed several times with ethanol, dried under N 2 and placed in the QCM-D flow chambers. A stable baseline was acquired in 0.15 M NaCl solution at 25°C. The polyelectrolytes (0.5 mg/mL) deposition was carried out at a constant flow rate (50 lL/min). Each polyelectrolyte solution was injected into the measurement chamber for 10 min followed by a rinsing step with 0.15 M NaCl (pH 5.5) to remove loosely bound material. The measurements (changes in the frequency DF and dissipation DD) were performed at several harmonics (n = 3, 5, 7, 9, 11 and 13). DF/n and DD were fitted for the seventh and ninth overtone using the Q-Tools software (v 3.0.6.213). Voigt element-based model was used to obtain the thickness of the produced multilayers.
Characterization of multilayer coatings
The multilayer coatings with 5 and 10 bilayers of HA/AC sol and HA/AC NSs were characterized by Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (FTIR-ATR) using a Spectrum 100 FT-IR spectrometer (Perkin Elmer, USA). All FTIR-ATR spectra were obtained in the range of 4000-625 cm À1 performing 64 scans at 4 cm À1 resolution and the data analyzed using essential eFTIR -3.00.019 software. Prior to analysis, the coated silicone strips were thoroughly washed in distilled water at 100 rpm for 24 h and then dried under N 2 until no water was detected. Morphology of the LbL coatings was investigated by scanning electron microscopy (SEM, JSM 5610, JEOL Ltd, Japan) and atomic force microscopy (AFM, Dimension 3100 AFM from Veeco Instruments, Inc USA). The AFM images were analyzed and processed using the Nanotec WSxM software [33] .
Changes in the surface hydrophilicity of the material as a result of the polyelectrolyte deposition were followed by static water contact angle measurements (OCA 15+, DataPhysics Instruments, Germany) using the sessile drop method (drop of 1 lL HPLC grade water). At least six measurements per sample were performed and averaged.
Antimicrobial activity
The antibacterial activity of the coated silicone toward the P. aeruginosa planktonic growth was evaluated using the shake flask method. Briefly, a single colony from the P. aeruginosa stock bacterial culture was grown overnight in nutrient broth (NB). Then, the bacterial cells were harvested by centrifugation and diluted in sterile 0.9% (w/v) sodium chloride (NaCl) solution, pH 6.5, until reaching solution absorbance of 0.28 ± 0.1 at 600 nm, which corresponds to 1.5-3.0 Â 10 8 CFU/mL. The silicone samples (1 Â 1 cm) were incubated with 2 mL cell suspension at 100 rpm and 37°C for 2 h. These suspensions were serially diluted in the same NaCl solution, then plated on a cetrimide agar and incubated at 37°C for 24 h to determine the number of viable bacteria. Three independent measurements were performed per sample and the results are expressed as a reduction percentage of the survived bacteria colonies (CFU) after incubation with the specimens (B) compared to the CFU survived from the suspension in contact with pristine silicone (A), calculated as follows:
Reduction ð%Þ ¼ ðA À BÞ=A Â 100
Degradation of the coatings in presence of bacteria
The degradation of the multilayer coatings in the presence of P. aeruginosa was assessed using fluorescein isothiocyanate (FITC)-labeled AC component. Prior to immobilization, AC (6 mg/mL) was dissolved in 0.1 M sodium carbonate buffer, pH 9. Then, 1 mg/mL FITC solution was prepared in anhydrous dimethyl sulfoxide (DMSO) and mixed with AC in buffer (for each 1 mL of AC 50 lL of FITC was added). The reaction mixture was incubated in the dark at 4°C for 12 h. The unreacted FITC was separated from the AC-FITC conjugate using PD-10 Desalting Columns (GE healthcare). Then, the LbL assembly between HA and AC-FITC was performed on silicone strips as described above. The coated silicone samples were further cut in equal pieces and incubated in distilled H 2 O and growth medium (TSB) (both as control samples) and TSB containing P. aeruginosa (OD 600 = 0.01) at 37°C for 6 and 24 h. At the end of these time intervals, the samples were withdrawn and washed with distilled H 2 O prior to analysis by fluorescence microscopy. The same microscope gain and offset settings were used to acquire all images. The stability of the coatings was further assessed by their fluorescence intensity in the absence and presence of P. aeruginosa.
Biofilm inhibition test
The ability of the coated materials to control pathogenic biofilm formation was studied using Live/Dead BacLight Bacterial viability kit. P. aeruginosa was grown overnight in optimized media conditions for biofilm growth. Then, coated and non-coated silicone samples were cut (1 Â 1 cm), placed in a 24-well plate (Nunc) and inoculated with 1 mL P. aeruginosa suspension diluted in tryptic soy broth (TSB) to OD 600 = 0.01. After 24 h of incubation at 37°C, the liquid broth was removed and the biofilms washed three times with sterile 0.9% NaCl (pH 6.5) to eliminate the non-adhered bacteria. Afterward, the live and dead bacteria in the biofilms were stained for 15 min with a mixture (1:1) of the fluorescent Syto 9 (green, live staining) and propidium iodide nucleic acid (red, dead staining) dyes. Then, the biofilm growth on the materials was observed using fluorescence microscopy at k exc /k em = 480/500 nm for Syto 9 and at k exc /k em = 490/635 nm for propidium iodide.
Dynamic antibiofilm test
Dynamic biofilm inhibition tests were performed in a physical glass model of catheterized bladder as previously described by Stickler et al. [34] and shown in Fig. S1 . After sterilization of the model by autoclaving (121°C for 15 min), a treated silicone Foley catheter was inserted into the system and the catheter balloon inflated with 5 mL sterile distilled H 2 O. Then, the bladder was filled with 25 mL sterile artificial urine in accordance with UNE EN1616 (Sterile Urethral Catheters for Single Use), supplemented with 1 mg mL À1 TSB and inoculated with P. aeruginosa (OD 600 = 0.01).
The catheterized bladder model was left for 1 h without urine supply to allow the organisms to adapt, and thereafter the supply was started with a 1 mL min À1 flow rate. After 7 days, the catheter was removed and thoroughly washed with distilled H 2 O. The shaft and balloon of the catheter were subjected to analysis for biofilm formation using Live/Dead kit as described above. The same parts of untreated silicone Foley catheter were used as controls.
Statistical analysis
The results for the samples hydrophilicity and antibacterial activity are presented as mean value ± standard deviation (SD). Statistical analysis was carried out by Graph Pad Prism 6 Software (USA) by performing a one way analysis of variance (ANOVA) followed by post hoc Tukey test to determine the statistical significance of the observed differences among the samples. The differences were considered significant only if p < 0.01.
Results
Assembling of the multilayer coatings
The successful build-up of the LbL constructs was confirmed by QCM-D data suggesting an exponential growth of the coatings with each deposition (Fig. 1) . Typical stepwise decrease in frequency (DF) was measured for both constructs, i.e. for (HA/AC sol ) 5 and (HA/AC NSs ) 5 , showing the overall increased mass adsorption (DF in Fig. 1, A1 vs. B1, black lines) bigger in the case of the coating obtained with AC sol as polycation. In contrast, more dissipative layers were measured for (HA/AC NSs ) 5 (Fig. 1, A1 vs. B1, blue lines). The formation of the first layer, HA on APTES treated silicone is characterized with a strongly attached (very small DD) ad-layer formed (the first green arrows on Fig. 1, A1 and B1) , followed by the attachment of a loosely bound polycation in both cases (Fig. 1, A3 and B3 ), seen via higher dissipation shifts from the second layers (the first red arrows on Fig. 1, A1 and B1) . However, the absolute values for DD, as well as the shape of the dissipation signal for the second layer are different for AC sol and AC NSs . Upon the injection of AC sol in the QCM chamber, a burst increase of DD is observed, followed by a common stabilization of the dissipation signal (marked by the first blue arrow on Fig. 1, A1 ). When AC NSs is used as a polycation, a steady increase of DD is detected instead. We have also plotted DD vs. DF (Fig. 1, A2 and B2 ) to relate the dissipation caused by a unit frequency (mass) change. A comparison between these two plots demonstrate clearly that in the case of (HA/AC NSs ) 5 there is less adsorbed material that is more dissipative in comparison with the (HA/AC Sol ) 5 . Finally, the thicknesses of the constructs were calculated by a viscoelastic model based on a Voigt element. We obtained 82.33 nm for the (HA/AC sol ) 5 and 141.5 nm for the (HA/AC NSs ) 5 constructs.
Characterization of the coated silicone materials
FTIR-ATR confirmed the presence of the multilayer assemblies on the surface of silicone (Fig. 2) . Three new bands appeared in spectra of all coated strips: the signal at around 3300 cm À1 was assigned to stretching vibrations of N-H and O-H in AC, and O-H in HA, whereas the broad band between 1500 cm À1 and 1700 cm À1 was associated with the amines of AC. In general, all the bands were more pronounced after the deposition of 10 bilayers revealing that the coating thickness is directly proportional to the number of the deposited layers. Moreover, several new peaks appeared in the spectra of HA/AC NSs specimens (containing sunflower oil), particularly pronounced in (HA/AC NSs ) 10 spectra (marked with arrows). The peaks at around 2930 cm À1 and 2850 cm À1 could be associated to C-H stretching vibrations in methylene (-CH 2 -) and methyl groups (-CH 3 ), respectively, whereas the large peak around 1740 cm À1 is due to C@O double bond stretching vibration. The coating deposition was also suggested by changes in the wettability of the treated silicone (Fig. S2) . The untreated silicone is a hydrophobic surface (112.7 ± 0.4°). Upon coating, the water contact angle decreased significantly (p < 0.01) only for (HA/AC sol ) 10 (83.4 ± 1.7°), whereas the values measured for the silicone functionalized with (HA/AC sol ) 5 , (HA/AC NSs ) 5 and (HA/AC NSs ) 10 were 105.9 ± 0.6°, 111.0 ± 0.5°and 106.4 ± 2.6°r espectively (Fig. 2, inset images) .
The surface topography and morphology of the 10-bilayered coatings were visualized using AFM and SEM. Both (HA/AC sol ) 10 and (HA/AC NSs ) 10 coatings exhibited rough and irregular surfaces (Fig. 3A) . The mean squared roughness (R) values were 7.7 nm and 3.0 nm, whereas the average heights (H) were 2.6 nm and 1 nm for AC sol and AC NSs coatings respectively. Unexpectedly, the profile of the AC NSs coating was smoother compared to the one built with AC sol .
SEM images taken at the cross-section of the coatings confirmed an irregular surface structure after 10 depositions, but also revealed a complete surface coverage by either (HA/AC sol ) 10 or (HA/AC NSs ) 10 (Fig. 3B) . The dry thicknesses of $3 lm for (HA/AC sol ) 10 and $7 lm for (HA/AC NSs ) 10 confirmed the same tendency as calculated from the QCM-D data -AC NSs coating is thicker. Since the outermost layer of the coatings was made from the polycations, the top view on the surface revealed additional details about the coating structures (Fig. 3C ). The key difference was the presence of nanospheres on top of (HA/AC NSs ) 10 , which appear intact (black arrows in Fig. 3C ).
Antimicrobial action upon bacteria-induced degradation of coatings
A significant improvement (p < 0.001) in inhibition of the P. aeruginosa growth was observed already after a 2 h incubation with most of the specimens, compared to the control (noncoated silicone). The AC NSs in the multilayer coatings (5 and 10 sequential depositions) reduced planktonic bacterial growth similarly (around 70%), whereas the AC sol -based coatings affected up to 42% the bacterial cells (Fig. 4, Table S1 ). Interestingly, in the case of (HA/AC sol ), the 5-bilayer coating was more efficient compared to the 10-bilayer one, which reduced the bacterial growth by only 9%.
On the other hand, the incubation of (HA/AC NSs ) 10 multilayer in P. aeruginosa suspension resulted in a partial collapse of the coating (Fig. 5) . After a 6 h incubation the coating was still completely covering the silicone surface, although lower fluorescence indicates loss of upper layers of the structure. Further incubation with the bacteria resulted in merely a partial silicone coverage. But even after 24 h the coating was found on the surface, revealing a gradual disintegration of the structure in bacterial presence. The degradation was in contrast to the coating stability in water and the culture broth.
Antibiofilm properties
Static conditions
The potential of HA/AC NSs and HA/AC sol coated silicones to prevent P. aeruginosa biofilm formation in static conditions was investigated using fluorescence microscopy. Microscopy images after staining of live (green) and dead (red) bacteria attached to the surface showed that the bacteria develop well-established biofilms on the control material (non-treated silicone), with several colonies merging into a continuous biofilm (Fig. 6 ). The surfaces with deposited 5 bi-layers were still colonized with bacteria, although the biofilm occurrence was considerably lower and represented with a smaller number of bacterial clusters. Despite the decrease in total biofilm growth for both AC NSs -and AC sol -based coatings, better antibiofilm effect was observed for the AC NSs coatings. The P. aeruginosa cells were individually spread on the latter assemblies with limited number of aggregates that consisted mainly of dead cells (stained in red). After assembling 10 bilayers the differences in the biofilm inhibition properties between the two specimens were not that obvious: both 10 bilayer coatings showed higher biofilm inhibition efficiency compared to the 5 bilayer structures. Only few live bacteria were detected on (HA/ AC sol ) 10 coating, whereas the sporadic single cells on AC NSs -based surface were all dead.
Dynamic conditions -catheterized bladder model
The biofilm inhibition capacity of urinary catheter coated with (HA/AC NSs ) 10 was also assessed under dynamic conditions in an in vitro model of catheterized bladder (Fig. S1 ). Prior to the assay, photos were taken of an untreated Foley catheter and the LbLtreated one. A clean surface is seen on the untreated catheter, whereas the immobilization of AC NSs could be appreciated by a white color on the catheter surface, typical for materials comprising this type of nanospheres (left side photo in Fig. 7) . Upon analysis, after 7 days in the catheterized bladder model, a bacterial biofilm is formed on the pristine catheter (especially visible on the catheter shaft), whereas the LbL-treated one was biofilm-free (photos in the middle in Fig. 7) . Fluorescence images after staining of live and dead bacteria attached to the inner part of the catheter shaft confirmed the biofilm formation on the non-treated catheter and the absence of biofilm on the LbL-treated catheter (right side photos in Fig. 7) . Unfortunately, the coatings were not as effective in inhibiting biofilm formation in the balloon section, although the effect is visible to a certain extent (Fig. S4) .
Discussion
The rationale of this work comes from our previous findings that planktonic bacteria are more susceptible to membrane disruption by polycations processed in the form of nanospheres than the polycations in solution [27] . The efficient disruption of bacterial membrane and consequent bactericidal activity are the result of massive membrane surface defects caused by the nanospheres, compared to the limited effect of the free macromolecules to extend the already existing defects. In addition, the use of sonochemical technology for generation of nanostructures is justified by its simplicity (one-step), fastness (3 min) and absence of aggressive organic solvents. The sonochemical approach consists in emulsification of aqueous solutions of polymers and a lipid component to obtain a two-phase mixture, shaping the polymers around the lipid nano-droplets and stabilizing the polymer shell/oil core systems. As previously reported [27] , AC NSs form stable dispersion with spheres of an average hydrodynamic diameter of 268 ± 7 nm, polydispersity index of 0.047 ± 0.009, and extremely high f-potential of +103 ± 2 mV. This study further exploits the possibility for coating of indwelling medical devices with intact polycationic nanospheres in order to engineer novel antimicrobial surfaces. Thus, LbL coatings containing AC NSs were built on silicone urinary catheters and their antimicrobial effectiveness was further evaluated.
Regarding the assembly of the HA/AC multilayer coatings, since DF accounts for both polyion and water deposition on the QCM crystal, the bigger mass adsorption obtained for AC sol specimen may indicate less adsorbed polycation in the case of AC NSs or more hydrated LbL constructs when AC sol is used. The dissipation curves supported the former statement as true. The formation of the first layer is the same for both constructs and it is merely electrostatically driven, as the negatively charged carboxyl groups from HA interact with the positively charged amino groups (from APTES) available on the silicone surface. Because of the charge compensation between the surface and the first layer, the second layer is not fixed by strong electrostatic interactions. Weakly bound polycations (from the second layer) allow for a larger amount of trapped water that contributes to the higher dissipation shifts [35] . The shape of the shifts for the second layer are different for AC sol and AC NSs , because of the different structure of the employed polycations: AC sol is a linear polymer deposited in a single step, while AC NSs has a spherical shape that needs reorganization and hydration upon deposition. The greater dissipation measured for AC NSs can be related with both the shape of the nanospheres and the hydration state of the layers. Moreover, the difference in the adsorbed material reflected in the DD/DF plot is expected, since AC NSs cannot be closely packed in a layer because of the repulsion forces between the nanospheres due to their high positive charge (the main reason for the stability of AC NSs dispersion). The free space between the spheres is hydrated and as a result the obtained layer is much more dissipative. The differences in the structure of the used polycations and the mechanism of their deposition were also reflected in the thickness of the final constructs. The main observation from QCM-D findings is that the thickness is not fully a function of the adsorbed material, but also depends on the structure and shape of the used polyions. The typical AC and HA bands found in FTIR-ATR spectra of the coatings were more intense when AC sol was used for multilayer build-up (dotted lines), again suggesting more deposited material when compared to HA/AC NSs coatings. Other peaks that appeared in the spectra of (HA/AC NSs ) 5 and (HA/AC NSs ) 10 could be associated with triglycerides [36] and fatty acids [37] due to the presence of the residual sunflower oil in the samples.
The contact angle measurements demonstrated that 5 sequential depositions are not sufficient to alter significantly the silicone wettability, regardless of the used AC. On the other hand, despite the lower degree of polyion deposition, the higher hydrophobicity of both HA/AC NSs specimens is explained by the presence of oil in the nanospheres core which additionally repels water from the silicone surface.
Irregular surfaces of the coatings seen on AFM images were represented as typical for LbL structures submicrometer-sized outer islets of the material distributed over the surface [38] . Increased roughness of the AC sol -containing compared to relatively smooth surface of the structure with nanospheres is owed to the higher mobility of the free biopolymer, which after deposition takes the shape of the previous layer. Taking into account that the buildup of multilayer constructs starts with the formation of isolated islets that grow and coalesce into continuous coatings only in the second stage of the build-up process [39] (usually above 10 bilayers), the obtained AFM profile for (HA/AC sol ) 10 is expected. In contrast, AC NSs solely dictates the morphology of the multilayer constructs independently of the shape below the layers. Due to both spherical shape and lower mobility of the nanospheres the related coating displayed a smoother surface [18] .
Important for proving the hypothesis that nanostructures are more efficient that their molecular counterparts even after immobilization onto solid surfaces, the incorporation of the intact soft nanospheres in our multilayer structures (seen in SEM images in Fig. 3 ) made further investigation relevant. Besides the nanospheres, some bigger than 1 lm formations (marked with red arrows on Fig. 3C ), also visible are oil bubbles which were not removed by the centrifugation steps. Previously we have observed the same artefacts in AC NSs dispersions [27] . This finding was also confirmed by the presence of the residual sunflower oil, identified with FTIR. Overall, the assembling of multilayers using intact core/ shell nanospheres with a soft core as in our case, is considered advantageous, since the added value of processing polymers into nanostructures could be transferred to the functionalized materials/surfaces.
Antibacterial and antibiofilm activities of the developed coatings were assessed against P. aeruginosa, which is among the most common Gram-negative bacteria involved in biofilm-associated infections [40] . AC is a well known antibacterial agent owing to its positive charge and related perturbation of the bacterial membrane [41] . AC processed into nanospheres displays even higher disturbing capacity on the bacterial membrane and bactericidal effect on planktonic bacteria [27] . Such a bactericidal mechanism induces less selective pressure on the bacterial population and consequently reduces the risk of resistance development. After proving their effectiveness in solution, the next step is incorporation of these antibacterial nanospheres into biomedical devices to effectively control nosocomial infections. In this aspect, building the multilayer polyelectrolyte coatings is regarded as a simple, but efficient approach for immobilization of bioentities with preserved bioactivity [42] .
After assembling the polycationic AC NSs on silicone surfaces in a LbL fashion we further demonstrated an improvement of the P. aeruginosa growth inhibition in comparison to the multilayers comprising AC sol counterparts. Also, due to an unexpected finding that AC sol was more efficient in the coating with less bilayers we relate to the motility of the layers and their availability to interact with bacterial cells. An increased motility of the layers in thicker coatings usually favors bioactivity, e.g. antimicrobial effect, due to improved availability of polycations [31] . Nevertheless, the deposition of a greater number of layers also results in enhanced motility of a polycation which could lower the effect. A lower hydration of the thinner assemblies results in compactly packed structures (reduced mobility) that favor the interactions between the polycation and adhered bacterial cells, which could result in a stronger effect. In this study, the (HA/AC sol ) 10 coating was more hydrated with higher motility of the polyelectrolytes, which translates into less amino groups of AC available on the surface to interact with bacteria membranes, and consequently a lower antibacterial activity. Nevertheless, such a phenomenon was not observed for the AC NSs coatings where the nanospheres preserve the polymer motility regardless of the number of deposited layers. In this case the effect may be also assigned to the large surface area and improved cationic character of AC NSs when compared to AC sol .
The integrity of the multilayer coatings after contact with P. aeruginosa was evaluated in order to elucidate whether the antibacterial effect of the nanospheres was due to their release or they act from the surface. The coating degradation by P. aeruginosa could be explained by the expressed hydrolytic activity and depolymerization of the HA component. In such a scenario, the antibacterial effect is a consequence of the release of the antibacterial AC sol and AC NSs upon triggering by the bacteria degradation of the coating. Thus, the effective bacteria killing by (HA/AC sol ) 10 and especially (HA/AC NSs ) 10 coatings can be attributed to the locally high concentrations of polycationic antibacterials released. Release from the catheter coatings into a narrow space is relevant for urinary tract infections, where typically a small volume of urine surrounds the indwelling device surface. Even more important, a gradual collapse detected together with only a partial loss of the coating indicated a possible achieving of a day-long effect.
Regarding biofilm studies, P. aeruginosa biofilm is typically developed from the mushroom-like biofilm colonies that grow/ encase in a two-stage process [43] . The growth of a continuous film made of such colonies could be effectively prevented by the herein suggested multilayer coatings, especially those incorporating intact AC nanospheres, due to their stronger antibacterial effect. Increasing number of layers brought about nearly total prevention of the biofilm formation, regardless of the shape of the AC polycation (free polymer vs. nanospheres). Nevertheless, it should be taken into account in this comparison that less material is deposited in the case of AC NSs (based on QCM-D and FTIR data), confirming that the embedded nanospheres also have stronger antibiofilm activity than the free AC macromolecules (deposited from solution). Interestingly, despite the negligible antibacterial effect observed for AC sol assemblies with 10 bilayers (less than 10%, Fig. 4 ), these coatings still effectively prevented the biofilm growth. (bottom row) after a 7 day incubation in a dynamic bladder model system with P. aeruginosa. Scale bars 100 lm.
Such observation could be explained with their relatively high hydrophilicity compared to the other multilayers (Fig. 2) . Hydrophobic interactions are suggested as one of the important factors promoting P. aeruginosa attachment and consequent biofilm development on silicone surfaces. This pathogen possesses a thin layer of glycoprotein covered by a thicker layer of lipoproteins and lipids that facilitate its interaction with hydrophobic surfaces such as silicone [44] . Thus, increased surface hydrophilicity is another way to prevent biofilm formation without affecting planktonic bacterial growth, as in the case of the (HA/AC sol ) 10 coating.
Our investigation in the catheterized bladder model also suggested that the AC NSs -containing coating is effective in biofilm prevention on the commercially available Foley catheter, acting upon its degradation by P. aeruginosa and the consequent nanosphere release (the catheter displayed a clean surface after the incubation in the bladder model). The results obtained with the dynamic system showed thus the same tendency in inhibiting biofilm formation as in static conditions. These findings represent a proof-of-concept for antimicrobial effectiveness of the novel nanosphere-containing coatings evaluated during 7 days -a period longer than the useful lifetime of clinically employed urinary catheters. Nevertheless, the stability, possible degradation and antibiofilm performance of the coatings over the time of use should be further considered for in vivo and evidence-based studies.
Conclusions
In this study, cationic nanostructures were employed as powerful bactericides with great potential in suppressing biofilms because of the minimum risk of bacteria resistance development. These were incorporated into catheter surface coatings in order to elicit their effect only in the presence of pathogenic bacteria, e.g. upon release triggered by a certain stimuli, aiming to avoid unnecessary elution and rendering the coating inefficient. We demonstrated that the layer-by-layer deposition of hyaluronic acid and aminocellulose nanospheres resulted in inclusion of intact nanospheres within the bacteria-responsive coating, as a key for effective prevention of bacterial biofilms. The coatings were noneluting in physiological conditions, but gradually degraded in the presence of P. aeruginosa that causes most of the infections related to biofilm formation on urinary catheters. The responsiveness of the constructs due to the presence of bacteria leads to eradication of the biofilm upon release of the aminocellulose nanospheres. The antibiofilm properties were also demonstrated in a catheterized bladder model during seven days -far beyond the useful lifetime of urinary catheters.
